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The recent EDGES measurements of the global 21-cm signal from the cosmic dawn suggest that
the kinetic temperature of the inter-galactic medium (IGM) might be significantly lower compared
to its expected value. The colder IGM directly affects the hydrogen recombination of the universe
during the cosmic dawn and dark ages by enhancing the rate of recombinations. Here, we study and
quantify, the impact of the colder IGM scenario on the recombination history of the universe in the
context of DM-baryonic interaction model which is widely used to explain the depth of the EDGES
21-cm signal. We find that, in general, the hydrogen ionisation fraction gets suppressed during the
dark ages and cosmic dawn and the suppression gradually increases at lower redshifts until X-ray
heating turns on. However, accurate estimation of the ionisation fraction requires knowledge of the
entire thermal history of the IGM, from the epoch of thermal decoupling of hydrogen gas and the
CMBR to the cosmic dawn. It is possible that two separate scenarios which predict very similar HI
differential temperature during the cosmic dawn and are consistent with the EDGES 21-cm signal
might have very different IGM temperature during the dark ages. The evolutions of the ionisation
fraction in these two scenarios are quite different. This prohibits us to accurately calculate the
ionisation fraction during the cosmic dawn using the EDGES 21-cm signal alone. We find that the
changes in the ionisation fraction w.r.t the standard scenario at redshift z ∼ 17 could be anything
between ∼ 0% to ∼ 36%. This uncertainty may be reduced if measurements of HI 21-cm differential
temperature at multiple redshifts are simultaneously used.
PACS numbers: Valid PACS appear here
I. INTRODUCTION
Recently, the EDGES has claimed a detection of the
global HI 21-cm signal from the cosmic dawn [1]. The
measured signal, if confirmed independently, is found to
be around two times deeper compared to the predicted
signal from the standard model of cosmology and astro-
physical processes. Several fundamentally different ex-
planations have been proposed in order to explain this
unusually deep signal [2–6]. There are also concerns
about modelling the foregrounds and unaccounted sys-
tematics which can lead to significantly different inter-
pretations of the EDGES measurements [7, 8]. However,
a great deal of efforts have been put up to understand
the 21-cm signal reported by the EDGES. One of the
most explored explanations consider interaction between
the cold dark matter and baryonic gas (hereafter DM-b
interaction) [2, 3] which allows the heat energy to flow
from the relatively warm baryonic gas to the colder dark
matter. Consequently, the baryonic gas cools much faster
compared to the standard adiabatic cooling rate [10] and
could explain the depth of the EDGES signal. This possi-
bility opens up a new and promising avenue to constrain
the DM properties such as the mass of dark matter par-
ticles and the interaction cross section. A large number
of studies focus on this aspect and put tight constraints
on the DM properties [11–14].
∗ kanan.physics@presiuniv.ac.in
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The ‘colder inter galactic medium (IGM)’ scenario has
direct impact on the hydrogen cosmic recombination his-
tory of the universe. The hydrogen recombinations in
the universe start very early at redshift z ∼ 1500 and the
universe becomes largely neutral by redshift z ∼ 1000.
However, a very small fraction (∼ 5%) of hydrogen still
remains in ionised form at redshift z ∼ 1000 and it grad-
ually becomes neutral over the redshift range 1000 > z &
20. The residual electron plays an important role in de-
termining the IGM temperature and the HI differential
brightness temperature during the dark ages and cos-
mic dawn. The hydrogen recombination rate which de-
termines the residual electron fraction (or the hydrogen
ionisation fraction) increases in the colder IGM scenario.
This results in faster recombination and lower ionisation
fraction.
Detailed understanding of the cosmic recombination
history is of immense importance and a lot of efforts,
since late 60s, has been invested for its accurate calcula-
tions [15–20]. State of the art codes have been developed
to keep the errors in estimating the hydrogen ionisation
fraction at ∼ 1% level [40, 41]. Accurate knowledge of
the ionisation fraction during the cosmic dawn and dark
ages is crucial for understanding the roles of the cosmic
magnetic field on the thermal history of the IGM [21, 30]
and the large scale structure formation [22], formation of
molecules in the early universe [23], contributions of ion-
isation fluctuations to the total fluctuations in HI 21-cm
field [24].
In this paper, we explore the impact that the colder
IGM scenario has on the recombination history of the
universe, particularly during the cosmic dawn and dark
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2ages. We study this in the context of the DM-b inter-
action model introduced in [9, 10]. It is shown that in-
teractions between the DM and baryons along with the
standard heating and cooling processes can explain the
depth of the EDGES 21-cm profile [2, 3]. We calculate
the thermal history of the IGM for all possible combina-
tions of the DM-b interaction model parameters (mass
of the dark matter particle and the interaction cross sec-
tion) and compare with the EDGES 21-cm signal. We
then focus on the changes in the hydrogen ionisation frac-
tion from the standard scenario, i.e., without the inter-
action, for model parameters which are consistent with
the EDGES 21-cm signal. Next, we discuss the prospects
of more precise measurements of the cosmic dawn 21-cm
signal in the accurate estimation of the ionisation frac-
tion. We also discuss roles of various physical processes
that determines the thermal and ionisation history dur-
ing the cosmic dawn and dark ages.
The paper is organised as follows. In the next two
sections, we set up the basic equations for calculating
the global 21-cm signal and briefly discuss the EDGES
measurements respectively. Next, we present the equa-
tions for calculating the evolution of the IGM, dark mat-
ter temperature and hydrogen ionisation fraction in the
context of DM-b interaction. We present our results on
the thermal history and study the impact of the colder
IGM on the ionisation history in the subsequent sec-
tion. Finally, we summarise and discuss our results.
We use cosmological parameters Ωm0 = 0.3, ΩΛ = 0.7,
Ωb0 = 0.0486, h = 0.667 which are consistent with mea-
surements by the PLANCK experiment [25].
II. GLOBAL HI 21-CM SIGNAL
The global HI 21-cm differential brightness tempera-
ture at redshift z can be written as [26]
Tb
mK
≈ 27xHI
(
Ωb0h
2
0.023
)(
0.15
Ωm0h2
1 + z
10
)0.5(
Ts − Tγ
Ts
)
,
(1)
where Tγ and xHI are the cosmic microwave background
radiation (CMBR) temperature and hydrogen neutral
fraction respectively. The spin temperature Ts is a mea-
sure of the ratio of ground state HI atoms in the triplet
and singlet states. It is determined by three physical
processes, 1. radiative coupling with the background
CMBR, 2. coupling with the gas kinetic temperature
Tg through collisions and, 3. coupling with Tg through
Ly-α photons (also known as Wouthuysen - Field cou-
pling). Therefore, the spin temperature, in general, can
be represented as[27]
T−1s =
[
(xc + xα)T
−1
g + T
−1
γ
1 + xc + xα
]
, (2)
where xc and xα are the collisional and Lyα coupling
coefficients respectively [26]. In the standard picture the
collisional coupling starts to dominate over the other two
processes at redshifts z ∼ 200. During the cosmic dawn,
the first generation of star starts to emit radiation in-
cluding the Ly-α photons. This makes the Ly-α coupling
strong and, as a consequence, the spin temperature is ex-
pected to be coupled to the gas kinetic temperature, i.e.,
Ts ≈ Tg at redshift z . 20.
III. EDGES MEASUREMENTS AND COLDER
IGM
The EDGES experiment has claimed to have detected
the global HI 21-cm differential brightness temperature
Tb in the redshift range of 15 . z . 22 [1]. The measured
signal is found to match a flattened gaussian function
centred around redshift z = 17.2 and has a best fit am-
plitude of −500 mK. It is, therefore, likely that the Ly-α
coupling becomes very strong, i.e., Ts ≈ Tg by redshift
z ∼ 17. The experiment also reported that the amplitude
of the signal should be between −300 mK and −1000 mK
(with 99% confidence) if the uncertainties due to thermal
and systematic noise are considered. One possible expla-
nation could be that the IGM temperature at redshift
z = 17.2 should lie between 1.76 K and 5.4 K (with 99%
confidence). However, according to the known standard
cosmology and astrophysical processes the IGM temper-
ature at redshift z = 17.2 should be around 7 K which
is significantly higher than that found by the EDGES.
The excess radio background measured by ARCADE 2
[36]can also account for larger than normal amplitude of
the signal [4].
IV. IGM TEMPERATURE AND
RECOMBINATION HISTORY
In order to calculate the accurate recombination his-
tory, we need to know the full thermal history of the
IGM. The evolution of the IGM kinetic temperature, in
the backdrop of the DM-b interaction, can be calculated
using following equation [10],.
dTg
dz
=
2Tg
1 + z
− 32σTσSBT
4
0
3mec2H0
√
Ωm0
(Tγ − Tg)(1 + z)3/2 x
1 + x
− 2
3kBnH
fheatX
H(z)(1 + z)
− 2
3kB
Q˙b
H(z)(1 + z)
(3)
The first and second term in the rhs correspond to
the cooling due to adiabatic expansion of the universe
and heating due to heat flow from the CMBR through
its interaction with free electrons. The third and fourth
term correspond to the heating due to X-ray photons
[31] and cooling/heating due to interactions between the
baryonic IGM and dark matter respectively. σT, σSB are
the Thomson scattering cross-section, Stefan Boltzmann
constant respectively. T0 is the CMBR temperature at
3present. X is the total rate of energy deposited in the
IGM per unit volume due to X-ray photons. fheat is
the fraction of the total deposited energy used for IGM
heating. Q˙b is the heating/cooling rate of baryons. The
evolution of the dark matter temperature Tχ is similar to
the above except the fact that the dark matter does not
interact with the CMBR. Hence we can write
dTχ
dz
=
2Tχ
1 + z
− 2
3kB
Q˙χ
H(z)(1 + z)
, (4)
where Q˙χ is the heating rate of dark matter. We model
both the quantities Q˙b and Q˙χ as prescribed in [10] (
see equation 12 and subsequent texts of this paper for
details). The evolution of the ionisation fraction x can
be calculated using the equation [15]
dx
dz
=
C
H(z)(1 + z)
[
αe(Tg)x
2nH
− βe(Tg)(1− x)e
−hpνα
kBTg
]
− fionX
H(z)(1 + z)nHEth
.
(5)
The first and second terms inside the third brackets quan-
tify hydrogen recombination and photoionization due to
CMBR respectively. The last term accounts for ioni-
sation in the IGM due to X-ray photons. We assume
that X-ray photons are coming from the first generation
starburst galaxies. The ionisation fraction is defined as
x = ne/nH. Here, we assume nH = nHI + nHII and
nHII = ne, assuming helium to be fully neutral for the
redshift range of our interest. C = 1+KΛ(1−x)nH1+K(Λ+βe)(1−x)nH
is the probability of a hydrogen atom jumping to the
ground state from the first excited state without excit-
ing an adjacent ground state atom, Λ = 8.3 s−1 is the
transition rate from 2s → 1s through the two photon
decay. Redshifting of Ly-α photons due to universe’s ex-
pansion is accounted by K =
λ3α
8piH(z) . hpνα = 10.2 eV,
αe and βe are the hydrogen recombination and photo-
ionisation coefficients respectively. We note that both
αe and βe depend on the IGM temperature Tg. We
use αe(Tg) = F × 10−19 atb1+ctd m3s−1, where a = 4.309,
b = −0.6166, c = 0.6703, d = 0.53, F = 1.14 is the
fudge factor and t =
Tg
104 K [19, 20]. We calculate the
photoionisation coefficient βe from αe using the relation
βe(Tg) = αe
(
2pimekBTg
h2p
)3/2
e−E2s/kBTg . Ionisation rate
per unit volume due to X-ray photons is approximately
obtained by multiplying a factor fion/Eth to the quan-
tity X [31]. We use the fitting formulae provided in [32]
to calculate the fraction of X-ray energy that goes into
heating fheat and ionisation fion. Here, we ignore ionisa-
tion due to UV photons. UV photons from first galaxies
also ionize surrounding HI. However, due to their shorter
mean free paths those ionized regions will remain con-
fined very close to sources during cosmic dawn. It is very
unlikely that UV photons will cause significant changes
to the ionisation state in the bulk IGM during the cos-
mic dawn [31]. On the contrary, X-ray photons penetrate
very deep in the IGM due to their large mean free paths
and affect both thermal and ionisation state of the IGM.
We follow the formalism presented in [31] for studying
the impact of X-ray photons. We calculate the total rate
of X-ray energy deposited in the IGM as
X = 4pini
∫
dνσν,i(hν − hνth)JX(ν, z), (6)
where the index ‘i’ denotes various species such as HI,
HeI, HeII, ni is the number density of the species i, σν,i
is the corresponding photo-ionisation cross section, νth
= Eth/h is the threshold frequency for photo ionisation.
The flux of X-ray photons per unit frequency at frequency
ν and redshift z can be written as
JX(ν, z) =
∫ z′
z
dz′
(1 + z)2
4pi
c
H(z′)
ˆX(ν
′, z′)e−τ (7)
where ˆX(ν
′, z′) is the comoving photon emissivity for X-
ray sources, and ν′ is the emission frequency at z′ which
is redshifted to frequency ν at z, i.e., ν′ = ν (1+z
′)
(1+z) . The
optical depth is given by,
τ(ν, z, z′) =
∫ z′
z
dl
dz′′
dz′′[nHIσHI(ν′′) + nHeIσHeI(ν′′)]
(8)
We consider starburst galaxies as the source of X-ray
photons. We link the source emissivity per unit comov-
ing volume per unit frequency to the star formation rate
density (SFRD) as
ˆX(ν, z) = ˆX(ν)
(
SFRD
M yr−1 Mpc−3
)
. (9)
The spectral distribution function is modelled as,
ˆX(ν) =
L0
hν0
(
ν
ν0
)−αS−1
, (10)
where αS is the power law index, hν0 = 1 keV. We set
L0 = 3.4 x 10
40 fX erg s
−1 Mpc−3 and choose αS = 1.5
for starburst galaxies [33–35]. We also set fx = 1 which
keeps the total X-ray luminosity per unit star formation
rate consistent with observations of present day starburst
galaxies. The star formation rate density is modelled as,
SFRD = ρ¯0b(z)f?
dfcoll(z)
dt
, (11)
where ρ¯0b and f? are the present day mean baryon density
and start formation efficiency respectively.
4V. DM-BARYON INTERACTION
We discussed in the previous section that, in order to
explain the EDGES 21-cm profile, the IGM temperature
needs to be lowered by a factor of ∼ 2 at redshift z ∼ 17
which can be achieved by considering interactions be-
tween the cold dark matter and baryons. However, the
hydrogen recombination rate gets enhanced for colder
IGM and this results in relatively higher neutral fraction,
i.e., lower ionisation fraction. As a consequence the heat
transfer rate from the CMBR to baryon gets reduced.
We need to solve all these coupled effects simultaneously.
We now focus on our modelling of the DM-baryonic in-
teraction which we follow from [10]. The cooling/heating
rate of baryons due to DM-baryonic interactions are cal-
culated as follows
dQb
dt
=
2mbρχσ0e
−r2/2(Tχ − Tg)kBc4
(mb +mχ)2
√
2piu3th
+
ρχ
ρm
mχmb
mχ +mb
Vχb
D(Vχb)
c2
. (12)
The equation governing the heating rate of the dark mat-
ter Q˙χ can be obtained by flipping χ ↔ b in the above
equation. The interaction cross-section has been param-
eterised as σ = σ0(v/c)
−4. This kind of scaling of the
cross section with the velocity v is very effective in trans-
ferring the heat energy from baryonic gas to the dark
matter without significantly affecting other episodes of
the cosmic evolution. The first term in the rhs makes
sure that heat energy flows from the warmer fluid (in our
case the baryon) to the colder fluid (the dark matter).
We see that the heating rate is proportional to (Tχ−Tg),
i.e., the temperature difference between the two fluids.
This will try to make the temperatures of the two fluids
equal. The second term accounts for the heating caused
due to friction between the dark matter and baryonic
fluids. The dark matter and baryonic fluid flow at two
different velocities which produces friction between the
two and that heats up both the fluids. Note that this
heating depends on the relative velocity between the two
fluids Vχb and drag D(Vχb) which can be calculated using
the equations
dVχb
dz
=
Vχb
1 + z
+
D(Vχb)
H(z)(1 + z)
(13)
and
D(Vχb) =
ρmσ0c
4
mb +mχ
1
V 2χb
F (r), (14)
where ρχ, ρm are the energy densities of the dark
matter and the total matter respectively, mb and mχ
are the masses of the baryonic and dark matter par-
ticles respectively. ‘r’ is defined as r =
Vχb
uth
, where
uth = c
√
kB(Tb/mb + Tχ/mχ). The function F (r) is de-
fined as
F (r) = erf
( r√
2
)
−
√
2
pi
re−r
2/2. (15)
F (0) = 0 and F (r)→ 1 when r →∞.
We see from eq. 3 and 12 that the IGM temperature
Tg depends on the relative velocity Vχb. As a conse-
quence the global HI 21-cm differential brightness tem-
perature Tb and the ionisation fraction x also become Vχb
dependent. The initial value Vχb,0 follows the probabil-
ity distribution P (Vχb,0) =
e
−3V 2χb,0/(2V
2
rms)
(2piV 2rms/3)
3/2 . We calculate
the velocity averaged differential brightness temperature
using
〈Tb(z)〉 =
∫
d3VχbTb(Vχb)P (Vχb). (16)
Similarly, we calculate the velocity averaged IGM tem-
perature 〈Tg(z)〉 and ionisation fraction 〈x〉. Vrms is as-
sumed to be 29 km/s at the initial redshift z = 1010 [28].
VI. RESULTS
We solve eqs. 3, 4, 5 and 13 simultaneously after
setting the initial conditions at redshift z = 1010. At
the starting redshift z = 1010, we assume Tg = Tγ
and Tχ = 0. We obtain the initial ionisation fraction
x(z = 1010) = 0.055 from the RECFAST code [40].
As discussed above the initial relative velocity Vχb,0 fol-
lows a Gaussian probability distribution with the rms of
∼ 29 km/s and we average over the relative velocity to
obtain various temperatures and the ionisation fraction.
A. Evolution of IGM temperature
First, we discuss our results on how the DM-b interac-
tion and X-ray photons from first sources alter the evo-
lution of the IGM temperature from the standard pre-
dictions. This helps us to understand the impact these
effects have on the recombination history. Fig. 1a shows
the evolution of the IGM and the dark matter temper-
ature. Thin dashed and dot-dashed curves correspond
to (mχ, σ45)= (0.4 GeV, 100) and (0.4 GeV, 0.2) respec-
tively, where σ45 =
σ0
10−45 m2 . These do not include effects
of X-ray photons. Fig. 1a also shows the IGM temper-
ature ( thin solid black lines) for the standard scenario
which does not include neither the DM-b interaction nor
the X-ray heating. Results for X-ray heating are shown
in thick curves. The three competitive processes, i.e., in-
teraction between baryons and the CMBR, X-ray heating
and interaction between baryons and the DM, together
determine the resultant IGM temperature. The interac-
tion between the CMBR and baryons tries to keep the
5(a)
(b)
Figure 1. The upper panel (a) shows the evolution of IGM
temperature, dark matter temperature for scenarios where the
DM-b interactions are included and compares with the stan-
dard scenario without the DM-b interaction (thin black-solid
line). The thick and thin lines show results with and without
X-ray heating respectively. The red-dashed lines and blue-
dash-dotted lines correspond to (mχ/GeV , σ45) = (0.4, 100)
and (0.4, 0.2) respectively. We use f? = 0.01 for calculating
the X-ray heating. The upper and lower lines (both thick and
thin) in each set represent the IGM and dark matter tempera-
ture respectively. The HI differential brightness temperature
Tb predicted using these two sets of parameters are consis-
tent with the EDGES 21-cm profile measurements at redshift
z = 17.2. The black-dotted line shows the CMBR temper-
ature. The shaded region shows the redshift range covered
by the EDGES measurements. The lower panel(b) plots the
evolution of the IGM temperature for three different values
of star formation efficiency f?. The solid lines correspond to
the standard scenario and the dashed lines correspond to a
colder IGM scenario with mχ = 0.4 and σ45 = 0.2.
IGM temperature the same as the CMBR temperature.
On the other hand, the DM-b interaction tries to bring
the dark matter and IGM temperatures to some other
thermal equilibrium with temperature Teq which is lower
than the CMBR temperature. For a large value of the
DM-b cross-section σ45, the DM and baryon reach to a
thermal equilibrium much faster at higher redshift. We
see in Fig. 1a that the thermal equilibrium between the
dark matter and baryon is reached by redshift z ∼ 200
for σ45 = 100. The large value of σ45 also helps the IGM
to decouple from the CMBR earlier at redshift around
z ∼ 500. After attaining the equilibrium the dark matter
and baryonic gas remain thermally coupled for the rest
of the redshift range we explore and the equilibrium tem-
perature scales as (1 + z)2. The early decoupling of the
IGM temperature from the CMBR helps it to cool faster
and explain the EDGES results. For smaller cross sec-
tion, the interaction between the DM and baryons tries to
bring the DM and the IGM temperature to equilibirum
at a later redshift. Here, the CMBR-baryon interaction
dominates over the DM-b interaction and the evolution of
IGM temperature follows the standard model upto very
late. However, at later times the CMBR-baryon interac-
tion becomes weaker and the DM-b interaction becomes
dominant. Consequently, the IGM temperature decou-
ples from the CMBR temperature and both the IGM and
dark matter temperature approach to each other. In this
phase the IGM temperature falls very rapidly as redshift
decreases which we see from Fig. 1a, from curves cor-
responding to σ45 = 0.2 and mχ = 0.4 GeV. Although,
in this case, the IGM temperature follows the standard
prediction up to redshift z ∼ 40, it drops after that. We
note that this parameter set too predicts colder IGM and
explain the depth of the EDGES 21-cm signal measure-
ments at redshifts z ∼ 17 . However, we see that the
thermal history of the IGM according to the later pa-
rameter set is quite different from the first. The first
one predicts colder IGM for a longer period of the cos-
mic time whereas the IGM is colder for a shorter period
in the second case. The ‘drag heating’ term heats up
both the IGM and the dark matter irrespective of their
individual temperatures. We notice that this helps the
IGM temperature to get coupled with the dark matter
temperature earlier.
The above picture changes after X-ray photons from
the first stars begin to interact with the baryons. Thick
curves in Fig. 1a show results when the effect of X-ray
heating is included. We set f? = 0.01 in Fig. 1a. It is
also important to note that the impact of X-ray heat-
ing on the IGM temperature remains negligible at higher
redshifts z & 17. This implies that evolution of ionisa-
tion fraction x will remain unaffected at higher redshifts.
We observe that Tg starts rising at redshift z ∼ 17. This
is roughly consistent with the EDGES profile. We fur-
ther note that the IGM temperature at redshift z . 17
for (mχ, σ45) = (0.4 GeV, 100) is significantly lower com-
pared to the scenario with (mχ, σ45) = (0.4 GeV, 0.2).
Both scenarios are consistent with the EDGES findings
6at z ∼ 17 but predict significantly different IGM temper-
ature at lower redshifts. Precise measurements of IGM
temperature at relatively lower redshifts can be used to
further constrain dark matter baryon interaction model.
Fig 1b shows the evolution of Tg for three different val-
ues of f? i.e., 0.001, 0.01 and 0.1. The IGM temperature
starts rising as early as at redshift z ∼ 20 and crosses
the CMBR temperature at z ∼ 15 for f? = 0.1, whereas
for f? = 0.001, these happen at lower redshifts. Both
these cases are inconsistent with the EDGES findings.
In order to keep the IGM temperature consistent with
the EDGES findings, X-ray heating can not dominate at
z & 17. This implies that f? should be . 0.1.
B. Global 21 cm signal
Fig. 2 plots the differential brightness temperature
Tb(z) for f? = 0.001, 0.01 and 0.1 and compares those
with the EDGES absorption profile. These also include
the DM-baryon interaction with parameters mχ = 0.4
GeV, σ45 = 0.2. We see that Tb(z) starts rising at red-
shift z ∼ 20 for f? = 0.1 which is significantly higher
in compare to what EDGES has found. On the other
hand Tb(z) starts rising very late and the signal ampli-
tude is very high for f? = 0.001 as the X-ray heating is
not efficient at earlier times. We, however, observe that
the global 21-cm signal obtained from our model for f?
= 0.01 is consistent with the amplitude of the EDGES
profile and also the redshift at which the signal rises. We
further note that the model signal cannot explain the
shape of the EDGES profile and further exploration is
needed towards this aspect.
Figure 2. This plot shows the redshift evolution of the HI dif-
ferential brightness temperature Tb for three different values
of f? in the colder IGM scenario. Here we use mχ = 0.4 GeV,
σ45 = 0.2.
(a)
(b)
Figure 3. The upper panel (a) shows the evolution of ionisa-
tion fraction for the same sets of (mχ/GeV , σ45) parameters
as in Fig. 1 and compares these with the standard case i.e., no
DM-b interaction and no X-ray heating scenario (black solid
line). The lower panel of ‘a’ shows the percentage difference
between the above two. Fig. 3(b): The upper panel shows the
ionisation fraction when the effects due to both DM-baryon
interaction and X-ray photons are included for f? = 0.1 and
0.01. The lower panel shows the percentage change in the ion-
isation fraction w.r.t. the case when the DM-baryon interac-
tion is excluded. The parameters used here are mχ = 0.4 GeV
and σ45 = 0.2 .
7C. Recombination history
We now focus on the impact of the colder IGM on the
evolution of ionisation fraction, i.e., the recombination
history. The upper panel of Fig. 3a shows the evolution
of the ionisation fraction in presence of DM-baryonic in-
teraction with the same two sets of mχ and σ45 used
above. We do not include the X-ray heating here. As ex-
pected, both the parameter set, which are consistent with
the EDGES 21-cm signal, predict lower ionisation frac-
tion compared to that predicted in the standard scenario.
However, we notice, in the lower panel of Fig. 3a, that the
percentage change in the ionisation fraction x at redshift
z ∼ 17.2 are ∼ 27% and ∼ 2.1% respectively although
the differential brightness temperatures Tb are very sim-
ilar (−726 mK and −668 mK respectively) in these two
scenarios. This apparent ambiguity can be explained if
we look at the evolution of the IGM temperature in these
two scenarios presented in Fig. 1a. The IGM tempera-
ture Tg for the first case (mχ = 0.4, σ45 = 100) deviates
from the standard scenario much earlier and remains de-
viated for the rest of the redshift range of interest. This
helps the recombination rate to remain higher for an ex-
tended period of the cosmic time and, as a result, the
ionisation fraction is considerably lower. On the other
hand, for the second scenario (mχ = 0.4, σ45 = 0.2) the
evolution of the IGM temperature is very similar to the
standard scenario and starts to deviate from it only at
redshift z ∼ 40. This is because the CMBR-baryon in-
teraction dominates over the DM-b interaction upto red-
shift z ∼ 40. Consequently, the recombination rate is
very similar to the standard scenario and starts to in-
crease at redshifts z . 40. In this scenario the recombi-
nation rate becomes higher only for a shorter period of
the cosmic time and, therefore, the deviation of the ion-
isation fraction from the standard scenario prediction is
less. We, therefore, conclude that very different thermal
histories of the IGM can be consistent with the EDGES
21-cm signal. However, the impact of them on the ioni-
sation history could vary considerably. This prohibits us
to accurately estimate the ionisation fraction during the
cosmic dawn and dark ages.
Fig. 3b shows how ionisation fraction x increases when
X-ray photons from first luminous sources start ioniz-
ing the IGM. We see that x starts increasing at redshift
as early as ∼ 18 for f? = 0.1 whereas the visible im-
pact of X-ray photons on x is seen from redshift ∼ 14
for f? = 0.01. We discuss above (also in Fig. 2) that
the predicted IGM temperature and differential bright-
ness temperature Tb for f? & 0.1 are inconsistent with
the EDGES observations. The lower panel of Fig. 3
plots the percentage difference of ionisation fractions be-
tween cases with and without the DM-baryon interaction
in presence of X-ray heating. We show results only for
(mχ, σ45) = (0.4 GeV, 100). We find that the change is
very similar to the case where X-ray heating is not in-
cluded (see the bottom panel of Fig. 3a) for redshifts
z & 22. X-ray photons affects the ionisation fraction at
redshifts lower than that. Early productions of X-ray
photons is not allowed by the EDGES as they heat up
the IGM much earlier which is inconsistent with EDGES
profile. Late production of X-ray photons only change
the ionisation fraction later. Impact of colder IGM on x
gets diluted at redshifts z . 22 because X-ray photons
dominates the ionisation.
Figure 4. This shows the percentage change in the ionisation
fraction w.r.t the standard scenario at redshift z = 17.2 for all
possible combinations of (mχ , σ45) which predict the differen-
tial brightness temperature Tb in the range between −300 mK
and −1000 mK, allowed by the EDGES 21-cm profile. The
two vertical lines show the changes in the ionisation fraction
x if Tb is restricted between −450 mK and −550 mK. We find
very similar results when effects due to X-ray heating with
f? = 0.01 is included.
We explore the entire (mχ, σ45) parameter space for f?
= 0.01 and present our results on the changes in x in Fig.
4, 5 and 6. Fig. 4 shows the percentage change in the
ionisation fraction w.r.t the standard scenario at redshift
z = 17.2 for all possible combinations of (mχ , σ45) which
predict the differential brightness temperature Tb in the
range between −300 mK and −1000 mK which is allowed
by the EDGES measurements. We see that the suppres-
sion in the ionisation fraction can be anything from ∼ 0%
upto ∼ 36%. We find very similar results if we switch off
the X-ray heating. We see that large cross sections sup-
press the ionisation fraction more whereas smaller cross
sections have very little impact on the ionisation fraction.
This large uncertainty in estimating x is reduced only by
a small amount even if we restrict Tb at z = 17.2 between
−450 mK and −550 mK. This suggests that precise esti-
mation of the ionisation fraction seems difficult even for
more accurate measurements of the global 21-cm signal
at z = 17.2. The uncertainty in estimating the ionisa-
tion fraction due to a wide range of possibilities of the
IGM thermal histories also remains at higher redshifts.
We, however, find that the uncertainty in estimating the
change in x may be reduced if we consider EDGES Tb
measurements at two or more redshifts simultaneously.
Fig. 5 shows the changes in the ionisation fraction in
the (mχ σ45) parameter space at z = 17.2 and z = 15.2
8for f? = 0.01. The upper panel highlights the parameter
space where the Tb is within −300 mK and −1000 mK
at redshift z = 17.2. The lower panel corresponds the
parameter space for −191 mK > Tb > −317 mK which is
the allowed range measured by the EDGES at z = 15.2.
We use the half-maximum amplitude of −254 mK from
the best-fit EDGES profile at z = 15.2 and calculate the
standard deviation of 63 mK using the different hard-
ware cases of the EDGES measurements. We notice that
the change in x due to colder IGM lies between ∼ 0% to
∼ 5%, which is much lower if we use the EDGES mea-
surements at z = 17.2.
Fig. 6 shows both the allowed regions in the parameter
space and highlights the overlap between the two. The
narrow overlap region in the parameter space is allowed
by Tb measurements at both redshifts. We compare the
region with that of Fig. 5 and see that the change in x
due to colder IGM could be between ∼ 0% to ∼ 5% for
the X-ray model we consider. Thus the uncertainty in
estimating x is reduced substantially if we use measure-
ments at multiple redshifts. We can also put more strin-
gent constraints on the parameter space by accurately
measuring the global 21-cm signal history. However, we
must mention that the results above are very specific to
the X-ray heating model we consider. It might change
for different models of heating. Thus a detailed study is
required towards this.
We further note in Fig. 1 that the IGM temperatures
Tg at redshift z ∼ 50 are quite different for the two sce-
narios although they predict similar Tb during cosmic
dawn. We anticipate that the IGM temperature mea-
sured at two different redshifts (e.g. during dark ages
and cosmic dawn) can be used to put even more strin-
gent constraints on the evolution of the IGM temperature
and accurately estimate the ionisation fraction.
VII. SUMMARY AND DISCUSSION
Recent measurements of the global 21-cm signal from
the cosmic dawn by the EDGES suggest that the IGM
can be significantly colder at redshift z ∼ 17 compared to
its expected value. The ‘colder IGM’ scenario enhances
the recombination (of neutral Hydrogen) rate and affects
the recombination history of the universe. We study this,
in detail, in the context of DM-b interaction model which
is a promising way to explain the EDGES detection.
We find that the hydrogen ionisation fraction gets sup-
pressed for all possible combinations of the DM-b model
parameters (mχ, σ45) which are consistent with EDGES
measurements. Although the suppression is stronger
during the cosmic dawn, we see that the effect is sig-
nificant even at higher redshifts during the dark ages.
However, the actual amount of suppression in the ion-
isation fraction during the cosmic dawn and dark ages
depends on the entire thermal history of the IGM, from
the epoch of thermal decoupling of hydrogen gas and the
CMBR to the cosmic dawn. It is possible that two sce-
Figure 5. These contour plots show the percentage change
in the ionisation fraction due to colder IGM w.r.t the stan-
dard scenario (with X-ray heating) at redshifts z = 17.2 and
z = 15.2. In the upper panel, the white region is excluded
by the EDGES measurements at 99% confidence level as the
HI differential brightness temperature Tb is either lower than
−1000 mK or higher than −300 mK in the region. The lower
panel shows the allowed region for Tb within −191 mK and
−371 mK at z = 15.2
Figure 6. This plot shows the allowed regions of the parameter
space at z = 17.2(blue) and z = 15.2(red). The narrow over-
lap region indicates the allowed region which explain EDGES
measurements at both redshifts. The change in the ionisation
fraction in the overlap region due to colder IGM is between
∼ 0 to ∼ 5%. We set the star formation efficiency f? = 0.01
here.
9narios which predict very similar HI differential bright-
ness temperature at redshifts where the EDGES mea-
sured the 21-cm signal have completely different IGM
and HI differential brightness temperature at higher red-
shifts. Consequently, the ionisation history is also differ-
ent in these scenarios. We explore the entire parameter
space (mχ, σ45) of the DM-b interaction model and find
that the suppression in the ionisation fraction at redshift
z ∼ 17, w.r.t the standard scenario, i.e., without the DM-
b interaction, could be anything between ∼ 0% to ∼ 36%
for scenarios which are consistent with the EDGES mea-
surements. We also see that this large uncertainty in es-
timating the ionisation fraction remains even for a more
accurate measurement of 21-cm signal from the cosmic
dawn.
The above result changes very little even if we include
effects due to X-ray photons arising from first sources.
The reason is that the recombination history depends on
the entire temperature history of universe from the re-
combination epoch to the cosmic dawn. X-ray photons
from first sources alters the temperature only at redshifts
z . 22. Moreover, X-ray can’t be efficient at early red-
shifts ∼ 22 as it is disfavoured by the EDGES profile. In-
clusion of X-ray heating allows us to compare the model
predictions with the lower redshift half of the EDGES
observed profile. This helps to put stronger constraints
on the DM-baryon model parameters and the ionisation
fraction. We find that the model with f? ∼ 0.01 is con-
sistent with the rise of EDGES profile. Both lower and
higher star formation efficiencies are ruled out since they
are inconsistent with the rise of EDGES profile.
The suppressed ionisation fraction for a considerable
duration of the recombination history has several impli-
cations. First, it affects the formation of molecules in
the early universe [23] and might have indirect influence
on the early star formations. Second, the impact of the
magnetic field on the early structure formation and uni-
verse’s thermal history prior to the cosmic dawn could
change. Further, the contribution of spatial fluctuations
in the ionisation fraction to the total fluctuations in the
HI 21-cm signal during the dark ages [24] is likely to get
affected. A thorough and detailed investigation is re-
quired to assess the impact of the suppressed ionisation
fraction on all these important astrophysical observables.
We would like to mention that results presented here,
in principle, might change if we include other effects such
as dark matter annihilation [13], magnetic field [29, 30]
along with the DM-b interaction, Ly-α processes or any
other phenomena which can alter the IGM temperature.
However, given the EDGES constraints on the HI differ-
ential brightness temperature and the fact that the DM-b
model considered here brackets extreme cases, we do not
expect the results to change considerably. Finally, there
are also a few fundamentally different explanations for
the unusually strong signal such as the excess radio back-
ground [4, 6], axion induced cooling [5]. The ARCADE 2
[36] and LWA1 [37] experiments have claimed to have de-
tected an excess component of radio background at 3−90
GHz and 40−80 MHz respectively. Although the nature
of this excess is still not certain [38], it could be due to
emission from an extended halo-wind of our galaxy and
many other similar galaxies. This excess radio signal can
offer a solution to the strong EDGES signal [39]. It is un-
likely that these alternative explanations have significant
effects on the thermal history of the IGM before the onset
of first sources, and consequently on the recombination
history.
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